Following the initial diagnosis of chronic copper poisoning (CCP), the copper (Cu) status of a British dairy herd was investigated. Eight fatal cases of CCP were identified over a 17-month period, from December 1999 to May 2001, involving seven Jersey cows and one HolsteinFriesian; seven cows were dry when CCP occurred. Case diagnostic criteria were necrotising hepatopathy associated with abnormally high liver and kidney Cu concentrations. Analysis of the ration for the high-yielding Jersey cow group revealed about 50 mg Cu/kg dry matter intake (DMI). Risk factors predisposing to fatal CCP were Jersey breed, previous high yield, first two weeks of the dry period and moderately high dietary Cu (greater than 40 mg Cu/kg DMI).
Introduction
ACUTE copper (Cu) poisoning is caused by sudden exposure to a massive dose of Cu, either orally or following excessive parenteral supplementation. In contrast, chronic Cu poisoning (CCP) manifests when the amount of Cu absorbed from the diet exceeds the nutritional requirement and the animal's capacity to excrete the excess following a variable period of progressive hepatic Cu accumulation (Suttle 2010) . The clinicopathological presentation, pathogenesis and diagnosis of CCP are well documented for sheep, which is a particularly susceptible species (Howell and Gooneratne 1987) . In contrast, CCP in adult cattle is relatively poorly documented and cattle were historically regarded as very tolerant of high dietary Cu intakes (ARC 1980) with the greatest risk of CCP being in young calves (Shand and Lewis 1957) .
In sheep, the accumulation phase of CCP is subclinical but causes mild liver degeneration, which is associated with raised plasma activities of liver enzymes such as aspartate aminotransferase (AST) and glutamate dehydrogenase (GLDH). Clinical CCP occurs when the liver's capacity for storage is saturated and rupture of intracellular lysosomes results in hepatocyte necrosis. In sheep, the release of stored Cu results in high plasma Cu (pCu) concentrations triggering intravascular haemolysis with subsequent haemoglobinuria, jaundice and methaemoglobinaemia. Cu and iron released into the circulation accumulate in the kidneys resulting in a chemically induced tubular nephrosis (Howell and Gooneratne 1987, Suttle 2010) . At postmortem examination, there is typically a swollen, orange liver, haemolytic anaemia, jaundice, haemoglobinuria, methaemoglobinaemic (brown) discoloration of blood and tissues and dark swollen kidneys (Howell and Gooneratne 1987, Suttle 2010) .
CCP has potential implications for food safety. In the UK, a liver with a Cu concentration greater than 500 mg/kg wet weight (about 31,000 μmol/kg dry matter [DM] ) triggers a food safety investigation and is deemed unsuitable to enter the food chain. In contrast to offal, milk products are not usually of concern to food safety authorities because Cu secretion in milk cannot be raised to hazardous levels for human beings in animals given dietary Cu supplements (Suttle 2010) . . This paper describes the detailed 17-month investigation in a dairy herd in the south of England following the identification in December 1999 of the fatal index case of CCP and was part of a survey of bovine CCP carried out by the VLA to investigate the emergence of bovine CCP others 2002) .
Herd nutrition
The herd comprised 139 Jersey and 249 Holstein-Friesian cows. The cows were at pasture until mid-November 1999. At housing, the cows were fed in groups with diets appropriate for their milk yields including grass silage fed ad libitum. Concentrates were fed at the rate of 0.5 kg/l of milk produced with maximum concentrate allowances of 12 kg (as fed) for Holsteins producing 40 litres and 10.5 kg (as fed) for Jerseys producing 25 litres. DM intakes for Holsteins and Jerseys were assumed to be 23 and 16 kg, respectively. A high phosphate mineral, containing 2000 mg Cu/kg Cu sulphate (declared), was fed throughout lactation and dry period at the rate of 0.1 kg/head/day. Concentrate was withdrawn in order to dry cows off and reintroduced in the second week of the dry period at 2 kg/day with a Cu sulphate supplement of 20 mg Cu/kg DM. No parenteral Cu supplements were used on the farm and no other extraneous high-level sources of Cu were identified. The feed supplier sampled and analysed silage in September 1999 with results as follows: Cu 6 mg/kg DM; molybdenum 1.1 mg/kg DM; sulphur 0.1 per cent; iron 120 mg/kg DM; and available Cu 71 per cent. The feed supplier assessed the silage was deficient in Cu with poor Papers bioavailability and recommended additional Cu supplementation. The diet already included the high phosphate mineral mixture that supplied 200 mg Cu/head/day and concentrate with 20 mg Cu/kg added Cu sulphate (declared on the label), as described above. Additional Cu as Cu metalosate was added to the concentrate at the rate of 25 mg Cu/kg.
Results of analyses, carried out by VLA, of concentrate samples collected in December 1999, March and June 2000 were 62, 33 and 27 mg Cu/kg DM, respectively. The December 1999 concentrate declared 20 mg/kg of Cu as Cu sulphate and 25 mg/kg as Cu metalosate. Results of Cu analyses carried out by an independent laboratory in June 2000 were silage 7 mg/kg DM, pasture grass 10 mg/kg DM, barley straw 2 mg/kg DM and drinking water 303 μg/l. For estimation of dietary Cu intake, dry matter content of minerals and concentrate was assumed to be 99 per cent and 85 per cent, respectively; intakes of silage and concentrates were rounded to the nearest kilogram; mineral supplement intake and Cu contribution was assumed to be as indicated by the feed supplier; possible contribution by bedding straw and drinking water was not included. Results of ration analyses are shown in Tables 1 and 2 
Blood sampling and statistical analysis
Following the confirmation of the first four cases of CCP, a cohort monitoring exercise was undertaken to compare heparinised blood parameters from 15 early dry period Jersey cows and 10 early dry period Holstein-Friesian cows sampled on January 31, 2000 and February 7, 2000, respectively. As the distributions of values were skewed with several extreme values, the non-parametric Wilcoxon-Mann-Whitney test was used to compare the two breeds. After Cu supplementation had been withdrawn in February 2000, heparinised bloods from the whole Jersey herd were collected in April and July 2000 and assayed for AST, gamma-glutamyl transferase (GGT), GLDH, total bilirubin (T bili) and pCu. Enzymes were assayed by wet chemistry spectrophotometry (Technicon RAXT analyser) utilising Sigma reagents; Cu was assayed following triton-X dilution and atomic absorption spectrometry, Randox controls were used for Cu and enzymes. The proportions of cows with abnormal parameters, including those which subsequently died, were compared over the two dates (nine weeks and five months after reducing Cu supplementation) using a 'marginal homogeneity test' . StatXact software (Cytel Software Corporation) was used to calculate the probabilities for the tests. Trends over time in blood biochemistry results from clinical cases and monitoring exercises to July 2000 were analysed. The biochemical parameters were modelled as a quadratic function of the days since December 1, 1999, omitting the cows which died and using the data transformed to their logarithms to base 10 in order to limit the influence of the more extreme values. The likely correlation between successive measurements on the same animal was allowed for by using the generalised estimating equations method and robust estimates of standard errors. Additional models tested the effects of stage of production which was recorded on a farm management system into dry, early lactation (first 100 days), ready for service (earliest recorded as 46 days postcalving), inseminated, pregnant and cull; there was some overlap between the groups. The conventional 5 per cent level (P≤0.05) was regarded as indicating statistical significance.
Clinicopathological findings
Between December 1999 and May 2001, 10 cow carcases were examined postmortem (identified in tables as cows 1 to 5, 7 and 9 to 12). Case histories varied ranging from sudden death with no premonitory signs to clinical presentations of recumbency, hypothermia, lethargy, milk drop and subcutaneous oedema (Table 3) . Liver and kidney samples from a further two casualties which were not subject to a full postmortem examination (identified as cows 6 and 8) were also submitted by the private veterinary practitioner. Following digestion of wet tissue in perchloric, sulphuric and nitric acid samples of fresh liver and kidney were assayed for Cu content by flame atomic absorption spectrometry. The analysis used four multi-elemental standards traceable to the National Institute of Standards and Technology. Appropriate tissues were fixed in 10 per cent neutral buffered formalin, conventionally processed to wax and 5 μm thick sections routinely stained with haematoxylin/eosin, subsequently complemented in some cases by rubeanic acid method to highlight parenchymal Cu (Churukian 2002) .
The diagnosis of CCP in this case study was always made postmortem with clinical signs and blood biochemistry taken into consideration when appropriate. The diagnostic criteria used were liver and kidney Cu concentrations above the upper VLA reference ranges of 8000 and 650 μmol/kg DM, respectively, and histological evidence of hepatic parenchymal necrosis. Over the 17-month period, cases of CCP were confirmed in seven Jersey cows (cows 1 to 6 and 8) and one Holstein-Friesian (cow 7). All but one CCP case occurred in dry cows. The overall herd incidence of CCP was 2 per cent with a 5 per cent incidence in the Jersey cows and 0.4 per cent incidence in the Holstein-Friesian cows. There was nothing unusual in the management or history of the eight cows which developed CCP. During lactation, cows 1 to 7 were fed as high yielders. There was insufficient data to categorise the status of cow 8. In cows 1 to 8, gross lesions were consistently seen only in the liver (Table 4 ) with a variable severity of necrotising hepatopathy histologically. Kidneys were usually grossly unremarkable but cows 3 and 5 had histological evidence of severe subacute necrotising nephropathy. Two of the three brains examined histologically had white matter-based vacuolar change consistent with hepatic encephalopathy (cows 3 and 5). Liver and/or kidney Cu concentrations were elevated for all 12 cows and raised kidney Cu concentration was consistently present in cows with CCP (Table 5) . Accumulation of excessive Cu within damaged liver parenchyma was successfully demonstrated with rubeanic acid staining in liver from cows 3 and 4 (cows 1 to 4 tested) and kidney from cow 3 (cows 1 to 3 tested). Alternative diagnoses were made in four of the cows examined postmortem during this investigation (numbers 9 to 12): traumatic reticuloperitonitis, Johne's disease, trauma and severe fatty liver (twin pregnancy), respectively. 
Papers Clinical pathology of cohort and herd monitoring
For the dry cow cohorts, Jersey cows had significantly higher values than Holsteins for all parameters with the exception of T bili (Table 6) . Using a 'marginal homogeneity test' on the blood results for the Jersey herd tested in April and July 2000, the proportion of cows with abnormal parameters was compared over the two dates (Table 7) . There was a significant (P<0.05) increase in the proportion of abnormally high AST values and a significant decrease in the proportion of abnormally high GLDH values. Using all available biochemical data (cows which died were not included) to August 2000, overall trends with time were examined. The initial models without further covariates showed significant downward linear trends over time for T bili and GLDH (both P<0.001) and a linear increase for AST (P=0.016). The pCu declined to day 134 (April 12, 2000) and then levelled off resulting in a significant quadratic trend (P=0.001). There was no trend evident for GGT (P=0.719). When terms for stage of production and ration group were added, the trend over time was significant only for AST (positive trend, P<0.001) and GLDH (negative trend, P<0.001). The stage of production had significant effects on T bili, AST and GLDH (P=0.004, P<0.001 and P<0.001, respectively) with dry cows having the highest mean results for these parameters. Early lactation cows had the lowest AST and GLDH mean results. There were significant differences between the ration groups for T bili (P<0.001) and pCu (P=0.010) but no apparent association between the mean parameter results and the amounts of concentrate fed. The differences for pCu although significant were small with the highest mean pCu being for two groups; cows on a reduced ration of 1 kg approaching drying off and a small group of four cows three of which were culls.
Discussion
The National Research Council (NRC) has estimated that Cu requirements should be fulfilled by diets containing between 12 and 16 mg Cu/kg diet DM, assuming typical feed intakes and average absorbability of dietary Cu (NRC 2001) , which is consistent with Agricultural Research Council estimates (ARC 1980). Suttle (2010) gives the dietary Cu requirement for a cow giving 40 kg milk per day on a molybdenum-rich sward and low Cu absorbability as 20.8 mg/kg DM. The feed supplier interpreted the silage analysis carried out in September 1999 as evidence of a Cu-deficient diet requiring supplementation. This assessment failed to take account of the low sulphur and only moderate molybdenum content of the silage, which suggested that availability of dietary Cu would be quite good. If the silage analysis was representative, the cows' Cu requirements would have been supplied by a diet containing around 20 mg Cu/kg DM. The Cu supplied by the diet was also underestimated. The difference between feed supplier and VLA Cu intake estimates amounted to about 130 mg/head/ day. This would be accounted for by a background level of about 15 mg Cu/kg DM in the concentrate, which was overlooked by the feed supplier. The declared ingredients in the concentrate included wheat, wheat feed, rapeseed, palm kernel, sunflower, soya and molasses, which would be consistent with an expected background Cu content of around 15 mg Cu/kg DM. The Cu in the diet arising from silage, the high phosphorus mineral and the concentrate, before additional supplementation, was already more than 20 mg Cu/kg DM. The addition of Cu as Cu metalosate at 25 mg Cu/kg in the concentrate was inappropriate and likely to have contributed to the precipitation of clinical CCP. Cu metalosate is a Cu-amino acid complex. Cu-amino acid complexes have been shown to be more effectively absorbed than inorganic Cu salts, including circumstances where there is high-level exposure to sulphur and molybdenum (Hansen and others 2008) . Cu-amino acid complexes are probably absorbed as amino acids rather than Cu, avoiding interactions with molybdenum and sulphur but probably bypassing the homeostatic control on absorption of inorganic Cu salts. Cu in Cu metalosates may continue to be well absorbed at high levels of Cu status, at which absorption of inorganic Cu would have decreased. Cows would probably have been at risk if the additional supplement had been an inorganic source such as Cu sulphate rather than Cu metalosate but the use of Cu metalosate may have increased the risk of CCP.
In February 2000, the feed supplier was requested to withdraw all Cu supplementation. Concentrate analyses carried out on samples collected in December 1999, March and June 2000 (62, 33 and 27 mg Cu/kg DM, respectively) suggest that the Cu metalosate had been withdrawn in February. However, the March and June samples of concentrate contained well above the estimated background Cu level for the concentrate of 15 mg Cu/kg DM, suggesting that Cu sulphate supplement in the concentrate remained. Failure to completely withdraw Cu supplementation probably contributed to the death of a further three cows, which were confirmed to have CCP in 2000 and persistent subclinical liver degeneration.
All of the diets fed were within the Feeding Stuffs Regulations limits current in 1999 to 2000. The permitted maximum concentration of Cu in dairy cow rations (FeedingStuffs Regulations 1995 and FeedingStuffs Regulations 2000) was 35 mg/kg (88 per cent DM) in the complete diet (Schedule 4, part 6) with a variation allowance of ±50 per cent (Regulation 10, Schedule 3, part D) resulting in a limit of 52.5 mg Cu/kg (88 per cent DM). The current advice from NRC (NRC 1980) was that adult cows should be able to tolerate 100 mg Cu/kg in their diets but evidence was emerging (Bradley 1993 Cu in the dry cow diet would have been only 20 to 25 mg Cu/kg DM but six of the cows with CCP died within 15 days of drying off and a further cow was dry. As high-yielding cows, they would have had prolonged high dietary Cu intake before the dry period. High susceptibility of cows in late pregnancy to CCP has also been reported by Bradley 1993 . In sheep, the factors precipitating clinical CCP are uncertain but probably include stress and decreased nutrition (Perrin and others 1990) . Possible stressors in dry cows include changes in social groups and weight loss with liver catabolism triggered by abrupt withdrawal of concentrates.
Subclinical Cu accumulation in this herd had no measurable effects on milk production, fertility or infectious disease susceptibility. Cases of CCP in cattle presented with different signs to CCP in sheep. Typical features of haemolytic anaemia, jaundice and haemoglobinuria were seen in only three of the eight bovine carcases (six of which had full postmortem examination) in which CCP was subsequently confirmed. Clinical signs in the cows were also variable, often of short duration, non-specific and would not immediately suggest CCP to the farmer, attending veterinarian or pathologist. The low prevalence and incidence of CCP in this herd, compared with feed-related CCP incidents in sheep flocks, was consistent with the prevalence and incidence in a survey of CCP in 33 separate herds carried out by the VLA others 2002) . There is no published evidence of individual variation in susceptibility of cows to CCP but the low prevalence and incidence suggested that a small proportion of cows in all of these herds either received significantly higher doses of Cu, which is relatively unlikely, or were relatively susceptible to CCP. Du and others (1996) demonstrated that Jerseys accumulated higher liver Cu concentrations than Holsteins with similar, experimental, exposure to oral Cu; however, in this investigation, the higher incidence of CCP in Jerseys was consistent with the higher levels of Cu in the Jersey diet. Pre-existing or concurrent hepatotoxicity has occasionally been reported as a predisposing factor in CCP (Howell and Gooneratne 1987) but no hepatotoxic agent other than Cu was identified in this herd.
Biochemical indicators of Cu accumulation and liver degeneration are useful when investigating suspected herd outbreaks of CCP. Comparison of GLDH, AST and GGT between dry Jersey and dry Holstein cows (Table 6) showed that a higher proportion of the Jerseys had evidence of liver degeneration. This is consistent with the higher susceptibility of Jerseys to CCP (Du and others 1996) and the higher Cu supplementation they were receiving. Plasma Cu concentrations were also elevated at around 19 to 25 μmol/l in the dry Jersey cows (Table 6 ), which is above the reference range (9 to 19 μmol/l) and consistent with an experimental toxicity study by Gummow (1996) . Plasma Cu does not rise progressively during the accumulation phase of CCP but increases dramatically when extensive liver necrosis is triggered and Cu ions are released from the liver precipitating clinical CCP (cows 2, 3 and 5 in Table 3 ). Caeruloplasmin (Cp) usually accounts for about 85 per cent of pCu (Suttle 2010) . Cp is an acute phase reactant; therefore Cp and pCu values can be raised by an acute phase protein response, which may have been triggered by liver degeneration caused by Cu accumulation. Plasma Cu can also be elevated by exposure to high levels of molybdenum and sulphur, due to accumulation of Cu-thiomolybdate complexes in plasma. Cattle require exposure to high levels of molybdenum and sulphur for this to occur (Suttle 2010) . In this investigation, exposure to molybdenum was not particularly high so it is unlikely that elevated pCu was caused by the accumulation of Cu-thiomolybdates in plasma. One method of investigating the presence of Cu-thiomolybdate complexes in plasma is to assay both trichloracetic acid (TCA) soluble and TCA insoluble Cu, as TCA insoluble Cu should measure Cu-thiomolybdate complexes (Suttle 2010) . The results of this study suggest that raised pCu together with raised GLDH and AST activity was an indicator of subclinical Cu poisoning.
The first of two Jersey herd blood samplings (Table 7) was performed nine weeks after the reduction in Cu supplementation in February 2000 by which time liver degeneration might have been expected to have subsided. However, the Jersey dietary Cu continued well above requirements at above 30 mg Cu/kg DM. Accordingly, the persistence of subclinical liver degeneration is unsurprising but the gradual decline in the incidence of raised GLDH between April and July is also consistent with the reduction in Cu supplementation following the removal of Cu metalosate in February 2000. The widespread evidence of persistent subclinical liver degeneration did not predict individuals likely to become future clinical cases. Elevated GLDH activities were prevalent in clinically normal dry cows and GLDH values were lowest in early lactation cows, when metabolic stresses on the liver are expected to be high and GLDH values are commonly raised. The authors concluded that the cause of raised GLDH in this herd was subclinical CCP and the highest risk period for subclinical CCP was the dry period, consistent with the highest risk period for clinical CCP. GLDH is more liver-specific than AST, which is also released when muscle is damaged. Raised GLDH activity has been associated with excessive Cu accumulation in cattle by Laven and others (2004) . AST and GGT activities have been associated with increased hepatic Cu concentration (López-Alonso and others 2006, Minervino and others 2008) but GGT was found to be of limited predictive value for clinical CCP in this herd after allowance had been made for the cows' stage of production. 
Papers
Cu is stored in the liver and liver Cu is the best indicator of Cu accumulation or depletion. Suitable samples for biochemical analysis can be collected from live cows by biopsy or cull animals, if they are representative of the herd. Miranda and others (2010) showed that needle biopsies afforded accurate estimates of overall hepatic Cu status in bovines.
There are no authorised products for the treatment of CCP in food producing animals. Ammonium tetrathiomolybdate (ATTM) has been used as an antidote to Cu poisoning either orally, subcutaneously or intravenously in cattle and sheep (Veterinary Medicines Directorate 2010) . Parenteral ATTM was administered to some cows in this study; its therapeutic value could not be accurately assessed but there was no evidence of any beneficial effect. ATTM is not an authorised veterinary medicinal product and it does not have a Maximum Residue Limit and hence EU legislation prohibits its use in food-producing species. If it is used to treat CCP, the animal must never enter the food chain (VMD 2010).
Withdrawal of Cu supplements and oral supplementation with Cu antagonists such as molybdenum and sulphur are probably the best interventions for herds experiencing CCP (Suttle 2010) .
In conclusion, the non-specific clinical signs and variable gross postmortem appearance of CCP in adult cattle compared with sheep could cause CCP to be underdiagnosed by farmers, clinicians and pathologists. From the evidence in this herd investigation dietary Cu of 40 to 50 mg Cu/kg DM can cause CCP in cows. Total content of Cu and Cu antagonists of all ingredients should be measured when assessing Cu status of ruminant diets and should include background Cu content of feed ingredients. Direct measurement of animal Cu status, to confirm the level of stored Cu, should be carried out before increasing Cu supplementation. Cu supplementation above NRC requirements is only necessary when there is high-level exposure to Cu antagonists. All cattle supplemented above NRC requirements should be monitored for excessive Cu accumulation in the liver. The best measure of stored Cu is liver Cu assay and samples can be obtained from cull animals or by biopsy. Subclinical CCP should be included as a differential diagnosis when there is a high incidence of raised pCu in a group of cows, especially if it is accompanied by raised GLDH; similarly, measuring GLDH and pCu may also be helpful in assessing the risk of CCP. Increased awareness of clinical CCP by clinicians may have contributed to its emergence in Great Britain.
This herd was dispersed following the 2001 UK outbreak of foot and mouth disease and no longitudinal information is available. 
